Introduction: Infrared thermal imaging, or thermography, is a technique used to measure body surface temperature in the study of thermoregulation. Researchers are beginning to use this novel methodology to study cancer, peripheral vascular disease, and wound management. Methods: The authors tested the feasibility of using an FLIR SC640 uncooled, infrared camera to measure body temperature in neonates housed in heated, humid incubators. The authors examined thermograms to analyze distributions between central and peripheral body temperature in extremely low birth weight infants. The authors have also used this technology to examine the relationship between body temperature and development of necrotizing enterocolitis in premature infants. Results: Handheld, uncooled, infrared cameras are easy to use and produce high-quality thermograms that can be visualized in grayscale or color palettes to enhance qualitative and quantitative analyses. Conclusion: Future research will benefit from the use of this noninvasive, inexpensive measurement tool. Nurse researchers can use this methodology in adult and infant populations to study temperature differentials present in pathological conditions.
Historical Perspective
Researchers have traditionally measured body temperature in humans using thermistors, thermocouples, or thermopiles placed on the skin in a particular location. However, these sensors can be slow to respond and difficult to keep attached to the skin surface. Also, this method does not allow for simultaneous measurement of temperature at adjacent skin surfaces, thus limiting the applicability of the device. Attaching a device to the skin also may alter the measure by virtue of covering the skin surface.
In contrast to these techniques, infrared thermography can measure body surface temperature simultaneously over the entire body surface that is exposed in a two-dimensional plane without having physical contact with the subject. Sir Herschel (1800) first discovered that infrared wavelengths can measure heat beyond the visible spectrum. These ''calorific rays'' reflect, refract, absorb, and transmit similarly to visible light. These wavelengths are now called infrared radiation. Sir John Herschel, William Herschel's son, produced the first heat picture in 1840 from solar radiation (Ring, 2007) . He called it a ''thermogram,'' a term still used today to describe a picture of the temperature distribution in an object. Early thermograms were crude, slow to process and displayed in black and white. Improvements in infrared cameras have greatly improved the quality of modern-day thermograms.
Prior to the mid-1940s, infrared thermography research and development focused on producing special sensors for troop movement and heat-seeking missiles. During this time, the technology was deemed classified and top secret. In 1948 , Dr Massopust (1948 took the first known clinical thermogram of vascular patterns in limbs and breasts. In the early 1960s, researchers and clinicians used thermography to study thyroid diseases, peripheral vascular diseases, diseases of the chest, and breast cancer.
Infrared Thermography How It Works
All objects having a temperature above absolute zero emit electromagnetic radiation called thermal radiation (Jones, 1998) . The temperature of an object determines the spectral emission. The electromagnetic spectrum is divided into wavelength regions, called bands, which are distinguished by the methods used to produce and detect radiation within each band. These regions are called X-ray, ultraviolet (UV), visible, infrared, microwave, and radiowave bands ( Figure 1 ). The wavelength regions of most importance for biologic imaging are the visible (400-700 nm), near infrared (700 nm-1 mm), midwave infrared (2-5 mm), and long-wave infrared (8-12 mm).
Infrared thermography records the temperature distribution of a surface using infrared radiation emitted by that body within the 0.8 mm-1.0 mm band (Jones, 1998) . To record an image of an object, an infrared camera captures thermal radiation using a detector and records the amount of emitted thermal radiation at each spatial position. The amount of radiation the camera is able to measure depends on the temperature and emissivity of the object. Emissivity is a measure of how much radiation is released from an object relative to an object with no reflectivity (ability to reflect radiation) at the same temperature. An emissivity of 1 occurs for a body with no reflectivity, which is called a blackbody. Human skin exhibits an emissivity of 0.97-0.98 in the wavelength range of 2-14 mm (Steketee, 1973) . Because human skin acts very similar to a blackbody, an infrared image measures the temperature distribution of the outer surface layer of the skin (Jones, 1998) . Steketee (1973) determined that there is no difference in emissivity between black, white, or burnt skin when measured in vivo or in vitro.
An infrared camera measures and records an image called a thermogram, which comprises the emitted infrared radiation from an object's surface displayed as pixels arranged in a two-dimensional array. Thermograms can be displayed in black and white or in various color palettes to enhance qualitative temperature differentiation. In a typical grayscale thermogram, lighter colors indicate higher temperatures, and the range is from bright white to black. When selecting a detector to capture the radiation, it is important to look for one that responds to the strongest radiation that one will be measuring. If the human body is the object under study, two transmission bands are available: the 2-5 mm medium wavelength infrared (MWIR) band or the 8-12 mm long wavelength infrared (LWIR) band.
Evolution of Infrared Cameras
All infrared cameras have the same purpose: to convert thermal radiation into visible images (Vainer, 2009 ). The first-generation cameras contained only one photosensitive cell and were cumbersome. The second-generation cameras used a string array of about 100 cells. The latest-generation cameras contain a twodimensional array of synchronously working cells arranged in rows and columns. Cameras of this generation use a focalplane array (FPA) detector that enables the camera to collect values at all pixels on the object simultaneously (Miller & Smith, 2005) . These cameras have superior temperature sensitivity, speed of operation, and spatial resolution as compared to earlier versions (Vainer, 2009) . Early infrared cameras were large, cooled by liquid nitrogen and had to be kept in a horizontal position to avoid spilling the nitrogen on the subject (Jones, 1998) . Cameras now available are smaller in size, easier to operate and function in any position, as they do not need to be cooled and thus contain no liquid nitrogen.
Infrared cameras are capable of producing video of objects as well as digital pictures. Video can capture slow or fast temperature changes on human skin to help the researcher study physiological changes.
Financial and Technical Aspects of Infrared Cameras
The cost of infrared cameras can range from hundreds to hundreds of thousands of dollars. Handheld microbolometer cameras, such as the one we use in our research, can be purchased from FLIR (Boston, Massachusetts) or Infrared Cameras, Inc. (Beaumont, Texas), two of the largest producers of infrared cameras. Our FLIR SC640 handheld camera can take infrared images and video and digital photos. This camera costs approximately $50,000 and the analysis software approximately $10,000. Most companies that sell infrared cameras offer short technical courses on using the camera and analyzing data from images. FLIR, for example, offers a 3-day Level I Thermography training course for $1,750 in California and Massachusetts.
Analyzing Measures of Infrared Thermography
Thermograms provide visual pictures of temperature distribution throughout the surface of the object under study. Visual analysis can be useful in medical imaging for the diagnosis and monitoring of many pathological conditions. Analysis software provides a quantitative temperature or photon count for each pixel beneath the cursor as the user scans over the image on a computer. Software programs, such as ExaminIR 1 (FLIR, Billerica, Massachusetts), allow the user to draw regions of interest over areas under study using boxes, circles, cursors, or polygrams and produce statistical means, ranges, and standard deviations for temperatures in the defined areas. This analysis is helpful in determining asymmetrical temperature differentials for diagnosing pathology. The researcher can analyze infrared video captured with the camera to examine longitudinal temperature change using profiling and histograms. Temporal analysis of temperature allows the researcher to explore skin temperature under different conditions.
Human Research Using Infrared Thermography
Although researchers in aerospace, military, and industrial fields have used infrared thermography, its use in the medical setting is relatively recent. Clinicians and researchers have recently been exploring new and exciting applications with a broad range of clinical implications, for example, the examination of asymmetrical body temperature distributions that may function in the pathophysiology of a number of diseases (Bagavathiappan et al., 2009; Bharara, Cobb, & Claremont, 2006; Mercer, Nielsen, & Hoffmann, 2008; Mital & Scott, 2007) or of facial temperature distributions as measures of emotion and communication (Nakanishi & Imai-Matsumura, 2008; Nozawa & Tacano, 2009 ). Though few studies have used infrared imaging in the pediatric population, especially in the neonatal clinical setting, many of the applications used in adults may be well suited for infants.
The human body core acts as a thermal reservoir and maintains a fairly stable temperature under normal conditions. Blood flow through central and peripheral blood vessels transports heat to the skin. The rate of exchange between heat transported from the core and heat lost to the surrounding environment through radiation, conduction, convection, and evaporation controls skin surface temperature (Hammarlund, Stomberg, & Sedin, 1986; Stolwijk, 1975) . In healthy adults, skin temperature distribution should be symmetrical across the body; an asymmetrical temperature differential may indicate focal perfusion abnormality (Goodman, Murphy, Siltanen, Kelley, & Rucker, 1986; Uematsu, 1986) . Infrared thermography can be helpful in studying medical conditions associated with variations in body temperature caused by vasodilation or constriction, hypothermia or hyperthermia, hypoperfusion or hyperperfusion, hypermetabolism, or hypervascularization (Charkoudian, 2010; Helmy, Holdmann, & Rizkalla, 2008) .
In particular, investigators and clinicians have used infrared thermography for the detection and evaluation of cancerous tumors. For example, Mital and Scott (2007) used thermal imaging to develop an algorithm to determine depth and location of tumors in breast cancer. Kateb et al. (2009) used a Therma-CAM P60 (TCP60, FLIR) infrared camera to map the thermal profile of a metastatic melanoma tumor in the brain, suggesting that infrared thermography could be useful in intraoperative detection and treatment of metastatic brain tumors.
Another application for infrared thermography is rapid diagnosis of fever when mass screening people during times of epidemic disease spread. Clinicians used this technology in China during outbreaks of severe acute respiratory syndrome (SARS; Chiang et al., 2008; Chiu et al., 2005) . Because infrared cameras are compact, lightweight, and accurate, they allow for rapid temperature measurement in a large number of people without exposing caregivers to potential contagious diseases.
Researchers have also used thermography to diagnose thyroid diseases (Helmy et al., 2008) , confirm hydrocephalus shunt patency (Goetz, Foertsch, Schoenberger, & Uhl, 2005) , assess diabetes wound management (Bharara et al., 2006) , and diagnose and treat leg ulcers (Mercer et al., 2008) . In the area of exercise physiology, researchers are using infrared thermography to map out temperature differentials during exercise and rest (Merla, Mattei, Di Donato, & Romani, 2010) . Another new area of research using thermal imaging is the exploration of tissue composition to determine oxygenation of internal tissues (Tepper, Neeman, Milstein, David, & Gannot, 2009 ). Such research may lead to the use of infrared thermal technology during invasive endoscopy to assist with the localization of abnormal tissue for biopsy. Katz and colleagues (2008) used thermal imaging to detect acute compartment syndrome in trauma patients. This technology can be beneficial for the rapid diagnosis of compartment syndrome before the need for amputation of the affected limb or death from vascular compromise. Patients who developed compartment syndrome had a greater difference between proximal and distal surface temperatures of the affected limb. Similarly, researchers have used infrared thermography to identify patterns related to peripheral vascular diseases (Bagavathiappan et al., 2009) , which can lead to asymmetrical temperature distributions. Infrared imaging may prove to be a valuable diagnostic tool for identifying perfusion pathology in adults and pediatric patients.
Using Infrared Thermography in Neonates
When using infrared thermal imaging to measure skin temperature in neonates, researchers must take developmental physiology into consideration. Premature infants have very little fat, thin skin, and high levels of evaporative losses (Hammarlund & Sedin, 1979) . Because of the thin skin and relative lack of a fat layer for insulation, measurements taken with an infrared camera in the abdominal and central regions approach core temperature, as do those taken with thermistors attached to their skin (Hammarlund et al., 1986) . Skin temperatures measured in the periphery should be lower (Simbruner, 1995) . Another factor to keep in mind when conducting thermal imaging on premature infants is their high level of heat loss due to immature thermoregulation. Compared to term infants, these infants have very little brown fat and decreased proteins to enable metabolic heat production, which is why premature infants need heated environments to warm their bodies (Houstek et al., 1993; Sauer, 1995) . Thus, investigators or clinicians should conduct thermal imaging through a cutout opening in the top of the incubator to decrease the amount of heat loss and obtain a measurement closest to the infant's true body temperature inside the incubator.
Term infants have a layer of fat that insulates them from heat loss and creates a barrier between skin and internal temperatures, the latter of which is more reflective of core and blood temperature. Their skin temperature will be closer to adult skin temperature and lower than the skin temperature of a premature infant. Investigators can conduct thermal imaging on a warmer table or while the infant is resting in a bassinette, as term infants have the ability to generate heat through metabolic processes.
Only two previous studies in the United States have used infrared thermal imaging with neonates. Clark and Stothers (1980) examined central and peripheral temperature distribution patterns in neonates using a surface-silvered mirror placed at a 45 angle over a cutout in the roof of the incubator canopy, thus allowing the infrared camera to remain horizontal and avoid spillage of the liquid nitrogen coolant. The camera was an AGA model 680 Thermovision, which, when coupled with an electronic processor, produced images on a television screen. These early techniques were crude and produced thermographic reproductions with much room for improvement in quality. Twenty years later, Adams, Nelson, Bell, and Egoavil (2000) were still using very similar techniques to study calorimetry measures in premature infants.
Investigators in Europe have conducted a few additional studies involving infrared thermal imaging with infants. Saxena and Wililital (2008) studied different pathologies in 285 pediatric patients from 1990 to 2000 using a liquid nitrogen cooled Talytherm 1 camera. They evaluated skin temperature associated with hemangiomas in 102 infants and children to document the extent of the hemangioma and followed the decrease of the temperature differential between normal skin and the hemangioma to document its regression. Likewise, they followed skin-temperature changes in 18 newborns with abdominal wall defects such as gastroschisis and omphaloceles to examine reperfusion of the defect postsurgery using longitudinal temperature differentials.
An Austrian group used a Thermotracer TH 3100 infrared camera (NEC San-ei Instruments, Tokyo) to determine that skin temperature in term infants immediately after birth has little variation throughout the body surface but is significantly lower than core temperature (Christidis et al., 2003) . They found further that during the first hour postbirth, peripheral temperatures begin to decrease relative to central temperature and that bathing can lead to a decrease in the peripheral-central temperature differential. This research adds to the evidence that researchers can use thermal imaging to examine changes in body temperature and perfusion associated with blood flow changes in infants. Most likely, an overall undifferentiated pattern of skin temperature immediately after birth is indicative of fetal circulation, where peripheral vascular resistance is low. Once the ductus arteriosus closes after birth and oxygenation of blood takes place in the lungs instead of the placenta, peripheral vascular resistance becomes higher and the peripheral-central temperature differential increases (Emmanouilides, Moss, Duffie, & Adams, 1964) .
Examples From Our Research
We are using an FLIR SC640 (Billerica, Massachusetts) uncooled, microbolometer infrared camera to examine temperature differentials in extremely low birth weight (ELBW) infants, who are generally housed in a controlled, heated, humid environment. ELBW infants are typically less than 29 weeks gestational age and weigh less than 1 kg.
Temperature is a measure of the energy level of tissues and can yield the amount of heat stored in that tissue. When studying heat storage or energy expenditure in infants, one should measure temperature profiles on as many body segments as possible. Decreases in regional skin temperature may correlate with an increase in oxygen consumption, which further complicates the homeostasis of sick premature infants. For this reason, it is necessary to study temperature profiles of premature infants.
In our research, we, like other investigators, have traditionally studied central (abdominal) and peripheral (foot) temperatures to examine hypothermia in premature infants (Knobel, Holditch-Davis, Schwartz, & Wimmer, 2009; Lyon, Pikaar, Badger, & McIntosh, 1997; Thomas, 2003) . Temperature differentials between central and peripheral temperature as well as variations in central temperature can indicate abnormal clinical states (Knobel et al., 2009) . Investigators usually monitor abdominal surface temperature on a premature infant using a thermistor probe covered with an insulated reflective cover. With this method, there should be zero heat flux, and the measure should represent deep tissue or core temperature for that infant (Simbruner, 1995) . Until our present studies, we measured temperature using thermistors on the abdomen and foot. We are now also using infrared thermal imaging technology, which allows us to measure and analyze temperatures over the entire body surface.
Feasibility of Using Infrared Thermography to Explore Temperature Differentials in ELBW Infants
In our first pilot study using infrared thermography in premature infants, we examined the feasibility and methodology of using the technology to explore central and peripheral body temperature in ELBW infants over their first 5 days of life. We conducted infrared imaging once a day, when the nurse was conducting morning care of the infant. Two research assistants performed these imaging procedures, and, once they had become proficient in the use of the camera, the imaging sessions lasted approximately 5 min. One assistant would hold the infant still in a supine position, using her hands to hold the infant's feet and head, while the other used the infrared camera in manual mode. To minimize changes to the infants' thermal environment, the assistants performed thermal imaging through the top of a customized Drager 1 incubator with a cutout in the lid (see Figure 2 ). The handheld, uncooled camera that we used in this research can, unlike the cameras described above in previous research, image an infant directly over the incubator through the cutout without the fear of spilling liquid nitrogen on the infant.
The camera weighs approximately 1.8 kg, and the assistant held it at a 90 angle above the cutout in the incubator hood. We attempted to image with saran wrap over the cutout with the first two pilot infants to preserve heat in the incubator; however, the plastic wrap reduced the ability of the lens to focus on the infant. We thus briefly removed and then replaced the plastic wrap for all remaining imaging. Incubators are engineered to maintain a continuous flow of warm air that envelopes the infant; when doors or portholes are opened, warm air should not escape. Therefore, even though we briefly removed plastic wrap, air temperature should not have decreased. To confirm this, we monitored environmental temperature inside the incubators with a data logger and found that infrared imaging did not decrease temperature near the infant. After the imaging session, we covered the cutout covered with plastic wrap with a plexiglass cover made for Drager incubators. This pilot study revealed that it is relatively easy to image ELBW infants using noninvasive techniques and that thermograms provide an accurate temperature diagram of the infant's body surface. Figure 3 illustrates the temperature differentials between an infant's central and peripheral body areas.
Feasibility of Using Infrared Thermography to Explore Association Between Abdominal Skin Temperature and Necrotizing Enterocolitis in ELBW Infants
We also examined the feasibility of using infrared thermal imaging for assessing abdominal skin temperature in ELBW infants and exploring possible associations between abdominal skin temperature and NEC (Rice et al., 2010) . NEC, a disease of the intestinal tissue causing necrosis of the bowel, is one of the most common neonatal gastrointestinal emergencies in ELBW infants (Blakely et al., 2005) . The etiology of NEC is not clear; however, it likely involves immaturity of the intestinal epithelial barrier and the mucosal immune system, predisposing these infants to bacterial invasion, particularly in the context of poor intestinal perfusion (Nankervis, Giannone, & Reber, 2008) . Because abnormal perfusion may play a critical role both in the development of NEC and in its diagnosis, we used intermittent infrared thermography to examine temperature differentials between each infant's chest and abdomen over time in 13 ELBW infants. We defined infants as having NEC based on radiographic findings of suspected or definitive pneumatosis intestinalis, portal venous gas, or pneumoperitoneum. We assessed a possible association between abdominal skin temperature and NEC in 10 infants who had infrared thermal imaging and abdominal radiographs performed on the same day.
We used the same FLIR 1 SC640 infrared camera (FLIR, Billerica, Massachusetts) as in the previous study. Again, we obtained images through the cutout in the incubator hood. We used software analysis tools to control the scale and intensity of thermal images. To facilitate temperature analysis, we adopted published techniques to measure the mean skin temperature over a desired region of interest (ROI), using a segmentation tool to develop oval ROIs over the abdomen or thorax. Within each ROI, the ExaminIR 1 software calculated the mean skin temperature using the temperature measured within every pixel to a precision of 0.1 C.
We compared the mean abdominal skin temperature (T abdomen ) to the mean thoracic skin temperature (T nonabdomen ) to find temperature differentials over time in 13 infants. We also compared abdominal thermal images to abdominal radiographs ( Figures 4A  and 4B ). Infants maintained a slightly lower mean abdominal temperature (36.5 + .9 C) compared to mean thoracic temperature (36.8 + .8 C). We had concurrent thermal images and abdominal radiographs in 10 infants, yielding 25 measurements. Those with the radiographic diagnosis of NEC (n ¼ 3) had lower abdominal skin temperature (35.3 + 0.8 C, 6 measurements) compared to those without evidence of NEC (n ¼ 7; 36.6 + 0.9 C, 19 measurements; p < .05 by unpaired Student t-test; Rice et al., 2010) . Through further analysis, we found that the mean abdominal-thoracic temperature differential was greater in those with a radiographic diagnosis of NEC than in those without. Because this was a pilot study and the sample rather small, further studies are needed to confirm this association. The thermogram These two pilot studies confirmed the feasibility and safety of using thermal imaging for the study of skin temperature in ELBW infants. With further study, this technology could, among other uses, enhance ongoing surveillance of infants for the presence of NEC through comparison of daily images of abdominal and chest temperatures in infants showing signs and symptoms of NEC, such as feeding intolerance, distended abdomens, or stooling problems.
Future Directions
Infrared thermal imaging is a novel technique for examining body temperature and tissue perfusion in adults, children, and infants in research and clinical settings. This technology is noninvasive and inexpensive and does not expose infants to harmful radiation. Opportunities for novel research using infrared imaging technology are rapidly expanding. For example, nurse researchers may be able to use thermal imaging for wound surveillance or recognition of skin temperature changes associated with decubitus ulcers as temperature differentials revealed in thermograms between normal skin and skin that is beginning to be compromised from malpositioning or infection may be seen long before color changes identify compromised skin integrity.
Neonatal researchers may be able to use this technology in several areas including the study of kangaroo care, which involves heat transfer between the mother's chest and the swaddled infant, body cooling for the treatment of hypoxicischemic encephalopathy, and NEC. In addition, because more diagnostic tools are needed to help surgeons differentiate between ischemic and viable bowel, we are just beginning to use infrared thermal imaging to explore identification of intestinal necrosis in the operating room. Future researchers might design studies using infrared thermography in surveillance of perfusion after gastroschisis or omphalocele repair, as Saxena and Wililital (2008) did in a very small sample.
Infrared thermography technology may decrease medical costs and length of stay for neonates by providing clinicians with a tool for early surveillance of skin temperature differentials associated with pathologies such as NEC or poor perfusion or with postoperative healing after repair of abdominal defects and subsequent early treatment or feeding progression. This technology is in its infancy, and research opportunities abound. As researchers continue to explore the potential of this methodology, we are confident that they will discover many more research and clinical uses. 
